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(57) ABSTRACT

A memory device that performs writing and reading opera-
tions using a mechanical movement of a nanowire, and a
method of manufacturing the memory device are provided.
The memory device includes a source electrode, a drain elec-
trode, and a gate electrode, each of which 1s formed on an
insulating substrate. A nanowire capacitor 1s formed on the
source electrode. The nanowire capacitor includes a first
nanowire vertically grown from the source electrode, a
dielectric layer formed on the outer surface of the first nanow-
ire, and a floating electrode formed on the outer surface of the
dielectric layer. A second nanowire 1s vertically grown on the
drain electrode. The drain electrode 1s arranged between the
source electrode and the gate electrode. The second nanowire
1s elastically deformed and contacts the nanowire capacitor
when a drain voltage i1s applied to the drain electrode, and
polarity of the drain voltage 1s opposite to polarity of a source
voltage that 1s applied to the source electrode. Information 1s
stored 1n the memory device 1n a form of a charged or non-
charged state of the nanowire capacitor. Reading and writing
operation of the memory device 1s performed by the mechani-
cal movement of the second nanowire.

10 Claims, 10 Drawing Sheets
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MECHANICAL MEMORY DEVICE AND
METHOD OF MANUFACTURING THE SAME

CLAIM OF PRIORITY

This application makes reference to, incorporates the same
herein, and claims all benefits accruing under 35 U.S.C. §119
from an application for MECHANICAL MEMORY
DEVICE AND FABRICATION METHOD OF THE SAME
carlier filed in the Korean Intellectual Property Office on the
2 Dec. 2005 and there duly assigned Serial No. 10-2005-
0116891.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a memory device, and
more particularly, to a memory device that manipulates a
mechanical movement of a nanowire and has superior and
stable writing capabilities, and a method of manufacturing the
same.

2. Description of the Related Art

A dynamic random access memory (DRAM) 1s a widely
used semiconductor memory device, and has a unit memory
cell including one transistor and one capacitor. To increase the
integration density of the DRAM device, the volume of the
transistor and/or the capacitor must be reduced. However,
there 1s a limit to the reduction of the volume of the memory
device, due to the structure and manufacturing process of the
DRAM device.

Demands for more highly integrated semiconductor
memory devices require development of a new semiconduc-
tor memory device structure which allows higher integration
densities. To meet this requirement, memory devices with
new structures have been developed. The new memory
devices include different data storage media which operate on
different principles from conventional capacitors.

For example, DRAM and flash memory devices store
binary information as electric charge. However, recent non-
volatile memory devices, such as ferroelectric random access
memory (FRAM), magnetic random access memory
(MRAM), and phase-change random access memory
(PRAM) devices, store binary information using a resistance
material. A FRAM device uses polarization of a ferroelectric
material, a MRAM device uses a magnetic tunnel junction
(MTJ) thin film whose resistance changes according to a
change of magnetization state of a ferroelectric material, and
a PRAM device uses a phase change. Particularly, the FRAM,
MRAM, and PRAM devices have both characteristics of the
high integration of the DRAM and the non-volatility of the
flash memory. Therefore, they are expected to replace the
conventional non-volatile memory devices.

SUMMARY OF THE INVENTION

The present invention provides a memory device and a
method of manufacturing the same. The memory device of
the present invention manipulates a mechanical movement of
a nanowire for a reading and writing operations, and has
superior and stable writing capabilities.

According to an aspect of the present invention, there 1s
provided a memory device including an msulating substrate,
a source electrode and a drain electrode formed on the 1nsu-
lating substrate and spaced apart from each other, a nanowire
capacitor formed on the source electrode, a second nanowire
grown vertically on the drain electrode, and a gate electrode
tormed on the msulating substrate where the drain electrode
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1s arranged between the source electrode and the gate elec-
trode. The nanowire capacitor includes a first nanowire grown
vertically from the source electrode, a dielectric layer formed
on the outer surface of the first nanowire, and a floating
clectrode formed on the outer surface of the dielectric layer.

The second nanowire 1s elastically deformed and contacts
the nanowire capacitor when a source voltage 1s applied to the
source electrode, a drain voltage 1s applied to the drain elec-
trode, and polarity of the drain voltage 1s opposite to polarity
ol a source voltage. At the same time, a gate voltage also can
be applied to the gate electrode with polarity of the gate
voltage being the same as the polarity of the drain voltage.
The elastic deformation of the second nanowire 1s induced by
clectrostatic force applied between the first and second
nanowires and between the second nanowire and the gate
clectrode. When there 1s no voltage applying to the elec-
trodes, the second nanowire 1s released to 1ts original position
by elastic restoration force.

Each of the first and second nanowires may be made of a
material such as a carbon group material, a platinum group
matenal, a silicon group matenal, a gallilum nitride group
material, a gallium arsenide group material, or a zinc oxide
group material. For example, each of the first and second
nanowires may be a wire selected from the group consisting
of a carbon fiber wire, a carbon nanotube wire, a platinum
wire, a silicon wire, a gallium nitride wire, a gallium arsenide
wire, and a zinc oxide wire.

Each of the first and second nanowires may have a height of
about 1 um to about 4 um, and a diameter of about 5 nm to
about 100 nm.

Each of the source electrode, the drain electrode, the gate
clectrode, and the floating electrode may be made of a mate-
rial such as niobium, chromium, molybdenum, tungsten, tita-
nium, platinum, gold, indium-tin-oxide, or silver.

The memory device may further includes a third nanowire
grown vertically on the gate electrode. The third nanowire
may be made of a material such as a carbon group material, a
platinum group matenal, a silicon group material, a galllum
nitride group matenal, a gallium arsemide group material, ora
zinc oxide group matenal.

According to an aspect of the present invention, there 1s
provided a method of manufacturing a memory device,
including steps of preparing an insulating substrate, forming
an electrode layer on the insulating substrate, patterning the
clectrode layer to make a source electrode, a drain electrode,
and a gate electrode spaced apart from each other 1n a row,
vertically growing a first and second nanowires on the source
clectrode and the drain electrode, respectively, forming a
dielectric layer on the outer surface of the first nanowire, and
forming a floating electrode on the outer surface of the dielec-
tric layer.

The method may further includes a step of growing a third
nanowire on the gate eclectrode by the use of a material
selected from the group consisting of a carbon group material,
a platinum group material, a silicon group material, a gallium
nitride group materal, a gallium arsemide group material, and
a zinc oxide group material.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many of
the attendant advantages thereof, will be readily apparent as
the same becomes better understood by reference to the fol-
lowing detailed description when considered 1n conjunction
with the accompanying drawings in which like reference
symbols indicate the same or similar components.
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FIG. 1 1s a cross-sectional view of a memory device con-
structed as an embodiment of the present invention.

FIGS. 2A through 2D are cross-sectional views showing a
writing and reading operations of the memory device of FIG.
1 of an embodiment of the present invention.

FIGS. 3A through 3D are cross-sectional views showing a
writing and reading operations of the memory device of FIG.
1 of another embodiment of the present invention.

FI1G. 4 15 a graph showing voltage-current characteristics of
an on/oil operation of the memory device of FIG. 1.

FIG. 5 1s a cross-sectional view of a memory device of
another embodiment of the present invention.

FIGS. 6 A through 6G are cross-sectional views 1llustrating,
a method of manufacturing a memory device of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention will now be described more com-
pletely with reference to the accompanying drawings, in
which exemplary embodiments of the invention are shown. In
the drawings, the thicknesses of layers and regions are exag-
gerated for clarity.

FIG. 1 1s a cross-sectional view of a memory device con-
structed as an embodiment of the present invention. Referring
to FIG. 1, the memory device of an embodiment of the present
invention mcludes 1sulating substrate 12, nanowire capaci-
tor 30 which 1s a charge storage medium, and second nanow-
ire 18 which 1s mechanically switched by contacting or not
contacting nanowire capacitor 30. Insulating substrate 12 can
be a glass substrate, a plastic substrate, or another type of
insulation substrate. For example, insulating substrate 12 can
include silicon (S1) substrate 10 and silicon oxide (S10,)
insulating layer 11 formed on S1 substrate 10.

The structure of the memory device of the present mnven-
tion includes source electrode 14, drain electrode 15, and gate
clectrode G 16 sequentially and separately disposed 1n a row
on 1sulating substrate 12. Nanowire capacitor 30 1s formed
on source electrode 14, and includes first nanowire 17 grown
vertically on source electrode 14, dielectric layer 23 formed
on an outer surface of firstnanowire 17, and floating electrode
235 formed on an outer surface of dielectric layer 23. Herein,
a vertically grown nanowire refers to a nanowire that grows
substantially perpendicular to a plate of an electrode as shown
in F1G. 1. The angle between the nanowire and the plate of the
clectrode, however, does not have to be aright angle. A source
voltage V, 1s applied to first nanowire 17. In the present
embodiment, each of electrodes 14, 15, 16, and 25 1s made of
a material such as niobium (Nb), chromium (Cr), molybde-
num (Mo), tungsten (W), titanium (1), platinum (Pt), gold
(Au), indium-tin-oxide (ITO), or silver (Ag).

Second nanowire 18 1s grown vertically on drain electrode
15, and a drain voltage V,, polarity of which 1s opposite to the
polarity of the voltage V ,, 1s applied to second nanowire 18.
Gate electrode 16 1s located beside drain electrode 15 and
formed on 1nsulating substrate 12. A gate voltage V ,, which 1s
applied to gate electrode 16, has the same polarnity as the
polarity of the voltage V..

Each of first and second nanowires 17 and 18 can be made
ol a material such as a carbon group material, a platinum (Pt)
group material, a silicon (S1) group material, a galllum nitride
(GalN) group matenal, a gallium arsenide (GaAs) group mate-
rial, or a zinc oxide (ZnO) group material. For example, each
of first and second nanowires 17 and 18 can be a wire such as
a carbon fiber wire, a carbon nanotube (CNT) wire, a plati-
num (Pt) wire, a silicon (S1) wire, a gallium nitride (GaN)
wire, a gallium arsenide (GaAs) wire, or a zinc oxide (ZnO)
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wire. Each of dielectric layer 23 and tloating electrode 25 can
be formed to a thickness of about 5 nm to about 100 nm.

In the memory device having the above structure of the
embodiment of the present invention, when voltages V,, V.,
and V; are applied to first nanowire 17, second nanowire 18,
and gate electrode 16, respectively, an electrostatic force 1s
generated between first and second nanowires 17 and 18, and
between second nanowire 18 and gate electrode 16. An attrac-
tive force 1s generated between first and second nanowires 17
and 18, and a repulsive force 1s generated between second
nanowire 18 and gate electrode 16. Accordingly, second
nanowire 18 1s elastically deformed due to the electrostatic
force to contact nanowire capacitor 30, and the memory
device 1s switched on. When one of the voltages V,, V., and
V; 1s turned off, second nanowire 18 returns to 1ts original
position by an elastic restoration force, and the memory
device 1s switched off. Accordingly, the on and off states of
the memory device, driven by contact or non-contact between
second nanowire 18 and nanowire capacitor 30, can be con-
trolled by individually controlling the voltages V,, V,, and
V. Switching the memory device on and off allows data to be
written to or read from nanowire capacitor 30.

The memory device having the above structure 1s a new
type of a mechanical memory device that can replace a
DRAM device. A mechanical memory device of the present
invention has stable switching characteristics and minimal
leakage current, because the mechanical memory device pro-
vides clear on and off states by using the mechanical move-
ment of a nanowire. Accordingly, the driving voltage of the
memory device can be reduced, and mobility of the memory
device 1s higher than that of a DRAM device.

Operations of writing and reading data in a memory device
of the present invention will now be described 1n detail with
reference to the drawings. FIGS. 2A through 2D are cross-
sectional views showing operations of writing and reading
data 1n the memory device of FIG. 1, which 1s built as an
embodiment of the present invention. Referring to FIGS. 2A
and 2B, when voltages V, (-, negative polarity), V,(+, posi-
tive polarity), and V,(+, positive polarity) are applied to first
nanowire 17, second nanowire 18, and gate electrode 16,
respectively, second nanowire 18 elastically bends and con-
tacts nanowire capacitor 30 due to an electrostatic force
applied to second nanowire, and the memory device becomes
an ON state. As a result, charge 1s transierred to and stored 1n
nanowire capacitor 30.

Referring to FIG. 2C, when the voltages V, and V; are
removed from second nanowire 18 and gate electrode 16,
respectively, second nanowire 18 returns to its original posi-
tion due to the restoration force, and nanowire capacitor 30
remains charged, which 1s a state that stores information (“1”
state).

FIG. 2D shows areading mechanism of the memory device
of the embodiment of the present invention. The state of
nanowire capacitor 30 can be read by applying a voltages
V. (=), V,(+), and V4(+) again to first nanowire 17, second
nanowires 18, and gate electrode 16, respectively. By a repul-
stve force applied between second nanowires 18 and gate
clectrode 16, nanowire 18 bends toward nanowire capacitor
30, and the memory device becomes ON state. Comparing the
“1” state with the “0” state that does not store information,
current flowing between nanowire capacitor 30 and nanowire
18 at the “1” state 1s different from current flowing at “0”
state, because the amount of charges stored in nanowire
capacitor 30 at the “1” state 1s different from the amount of
charges of nanowire capacitor 30 at “0” state. For example, 1n
the “1” state as shown 1n FIG. 2C, (+) charges are already
stored 1n nanowire capacitor 30, and there will be almost no
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current when nanowire 18 with a voltage V,(+) contacts
nanowire capacitor 30, because the polarities of charges of
nanowire 18 and nanowire capacitor 30 are the same. On the
contrary, in the “0” state, there will be high current when
nanowire 18 with a voltage V ,(+) contacts nanowire capacitor
30, because there 1s no charge in nanowire capacitor 30.
Theretore, the state of nanowire capacitor 30 (“1” state or “0”
state) 1s determined by detecting an amount of current tlowing
between nanowire 18 and nanowire capacitor 30 during ON
state.

In FIGS. 2A-2D, nanowire 18 and tloating electrode 25 are
illustrated as being charged with (+) polarity, but 1t 1s apparent
that nanowire 18 and floating electrode 25 can be charged
with (-) polarity. In this case, the polarities of the voltages
applied to the electrodes will be opposite to the polarities of
the voltages described above, and “1” state 1s referred to a
state where nanowire capacitor 30 1s charged with (-) polar-
ity.

In order to achieve the reading mechanism, there can be
another methods 1n addition to the method described above.
In one example of the methods, a refresh step 1s accompanied
in the reading mechanism to more accurately read the infor-
mation. In another example of the methods, “0” state and *“1”
state are differently defined, and the reading operation can be
achieved without the refresh step.

In the reading mechanism referring to FIG. 2D, 1f floating,
clectrode 25 has mitially no charge (“0” state), charges flow
into floating electrode 25 during the reading operation. If
floating electrode 25 1s mitially charged (17 state), very
small amounts of charges flow 1nto floating electrode 25. In
order to read the state of floating electrode 25, a sensing
circuitry measures the amount of charges that flow into float-
ing electrode 235, and determines whether floating electrode 1s
in “0” state or 1n ““1”” state. There 1s, however, a chance that the
initial state of floating electrode 1s altered by the reading
operation, because second nanowire 18 contacts tloating elec-
trode 25 during the reading operation. In order to accurately
maintain the initial state of floating electrode 25, a refresh
step can be introduced after the reading operation. It floating
clectrode 25 1s connected to ground through a switch or a
transistor, any accumulated charges of tloating electrode 25,
while reading “0” state, can be removed, and tloating elec-
trode 25 maintains 1ts 1nitial “0”” state. If there 1s any loss of
charges while reading “1” state, the refresh step also can
supply necessary amount of charges to floating electrode 25
to maintain initial *“1” state.

In another example of reading mechamsm, “0” state 1s
defined as a negatively charged state of floating electrode 25,
and “1” state as positively charged state of floating electrode
25. Wniting operation 1s the same as described referring to
FIG. 2B. If positively charged second nanowire 18 contacts
negatively charged floating electrode 25 (<0 state), The
negatively charged floating electrode 25 (%07 state) 1s
changed to positively charged state (*1” state). If there 1s no
contact of second nanowire 18, floating electrode 25 remains
in negatively charged state (“0” state). In order to read the
state of floating electrode 25, second nanowire 18 1s nega-
tively charged. It floating electrode 25 1s 1 *“1” state (posi-
tively charged), negatively charged second nanowire 18
deflects to make a contact with floating electrode 25. A sens-
ing circuit measures current flowing through second nanow-
ire 18, and floating electrode 25 1s gradually changed to a
negatively charged state because of the contact with nega-
tively charged second nanowire 18. If tloating electrode 25 1s
in “0” state (negatively charged), negatively charged second
nanowire 18 does not bend due to repulsive force applied
between floating electrode 25 and second nanowire 18.
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Therefore, second nanowire 18 does not contact floating elec-
trode 25, and there 1s no current flowing through second
nanowire 18. In both cases of reading *“1” state and “0” state,
floating electrode 25 returns to negatively charged state (<0~
state). Therefore, another writing operation immediately fol-
lows the reading operation to restore the state of floating
clectrode 25.

The above described examples of methods have their own
advantages and disadvantages. For examples, the method
employing a refresh step would make the device system com-
plicated and reduce the operation speed, and another method
defining a negatively charged state of tloating electrode 235 as
“0” state would improve the system design, because this
method does not require the refresh step, and would increase
sensing margin due to the stored charges of floating electrode
235, but may reduce the lifetime of the device because of the
permanently charged state of floating electrode 25. Therelore,
the selection of the method may depend on the applications of
the memory device. The methods described above are
examples, and there will be various other methods to achieve
the reading and writing mechanism maintaiming the prin-
ciples of the present invention.

FIGS. 3A through 3D are cross-sectional views showing a
writing and reading operation of the memory device of FIG.
1, constructed as another embodiment of the present inven-
tion. The principles of the operations shown 1n FIGS. 3A
through 3C are the same as those described with reference to
FIGS. 2A through 2C, and thus the descriptions will be
skipped.

FIG. 3D shows areading mechanism of the memory device
of another embodiment of the present invention. Contrary to
the reading operation shown in FIG. 2D, voltages, which have
opposite polarities to the polarities of writing operation
shown 1 FIG. 3B, are applied to first nanowire 17, second
nanowires 18, and gate electrode 16. For example, voltages
V,(+), V,(-), and V ;(-) can be applied to first nanowire 17,
second nanowires 18, and gate electrode 16, respectively, to
switch the memory device to ON state. In this case, as
described for reading operation shown in FIG. 2D, an amount
current, which flows between nanowire capacitor 30 and sec-
ond nanowire 18, at “1” state 1s different from an amount
current at “0” state. Therefore, the state of nanowire capacitor
30 (*17” state or “0” state) can be determined by detecting an
amount of current flowing between nanowire 18 and nanow-
ire capacitor 30 during ON state. For example, 1n the “1” state
as shown i FIG. 3C, (+) charges are stored in nanowire
capacitor 30, and when nanowire 18 with a voltage V,(-)
contacts nanowire capacitor 30, there will be very high cur-
rent because the polarities of charges of nanowire 18 and
charges of nanowire capacitor 30 are opposite. On the con-
trary, in the “0” state, there will be only high current when
nanowire 18 with a voltage V ,(-) contacts nanowire capacitor
30, but the current will be lower than the current detected at
“1” state. Accordingly, whether the memory device 1s in “1”
state or 1n “0” state 1s determined by the amount of the current.

FIG. 4 1s a graph showing the characteristics of an ON/OFF
operation of the memory device of FIG. 1. In FIG. 4, I,
indicates a current flowing through drain electrode 15, and V ;
indicates a gate voltage applied to gate electrode 16. V , 1ndi-
cates a drain voltage applied to drain electrode 15. As shown
in FIG. 4, the current suddenly jumps to a high level (ON
state) at a certain gate voltage from a low level (OFF state).
The difference 1n the amounts of currents at ON and OFF
states 1s clearly distinguished. It 1s also observed that leakage
current at OFF state 1s almost zero.

FIG. 5 15 a cross-sectional view of a memory device con-
structed as another embodiment of the present invention. The
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same reference numerals are used for elements 1dentical to
those depicted in FIGS. 2A through 2D, and detailed descrip-
tions thereof will be skipped. The memory device of the
present embodiment 1s almost identical to the memory device
depicted 1n FIGS. 2A through 2D, but the memory device of
the present embodiment further includes a vertically grown
third nanowire 19. A voltage V, 1s applied to third nanowire
19 through gate electrode 16. Through third nanowire 19, a
repulsive force can be more uniformly applied to second
nanowire 18, making second nanowire 18 more easily
detformed. Like first and second nanowires 17 and 18, third
nanowire 19 can be made of a material such as a carbon group
materal, a platinum (Pt) group material, a silicon (S1) group
maternial, a gallium nitride (GaN) group material, a gallium
arsenide (GaAs) group material, or a zinc oxide (ZnO) group
maternal. For example, third nanowire 19 can be a wire such as
a carbon fiber wire, a carbon nanotube (CNT) wire, a plati-
num (Pt) wire, a silicon (S1) wire, a gallium nitride (GaN)
wire, a gallium arsenide (GaAs) wire, or a zinc oxide (ZnO)
wire.

FIGS. 6 A through 6G show cross-sectional views 1llustrat-
ing a method of manufacturing a memory device according to
principles of the present invention.

Referring to FIGS. 6 A and 6B, insulating substrate 12 1s
prepared, and electrode layer 13 1s formed on 1nsulating sub-
strate 12. Insulating substrate 12 includes silicon (S1) sub-
strate 10 and silicon oxide (S10,,) insulating layer 11 formed
on S1 substrate 10. Insulating substrate 12 can also be a glass
substrate or a plastic substrate. Electrode layer 13 1s made of
a material such as niobium (Nb), chromium (Cr), molybde-
num (Mo), tungsten (W), titanium (1), platinum (Pt), gold
(Au), indium-tin-oxide (ITO), or silver (Ag). Source elec-
trode 14, drain electrode 15, and gate electrode 16 are formed
in a row on S10, sulating layer 11 by patterning electrode
layer 13.

Referring to FIG. 6C, first nanowire 17 and second nanow-
ire 18 are formed on source electrode 14 and drain electrode
15, respectively. Each of first and second nanowires 17 and 18
can be formed with a material such as a carbon group mate-
rial, a platinum (Pt) group materal, a silicon (S1) group mate-
rial, a galllum nitride (GaN) group matenal, a gallium ars-
emde (GaAs) group material, or a zinc oxide (ZnQO) group
material. For example, each of first and second nanowires 17
and 18a can be a wire such as a carbon fiber wire, a carbon
nanotube (CNT) wire, a platinum (Pt) wire, a silicon (S1)
wire, a galllum nitride (GaN) wire, a gallium arsenide (GaAs)
wire, or a zinc oxide (ZnO) wire. FIG. 6C also shows a
scanning electron microscope (SEM ) 1mage of the nanowires.
Each of first and second nanowires 17 and 18 has a diameter
of 5 nm to 100 nm and a height of 1 um to 4 um.

Preferably, a catalyst material 1s deposited on source elec-
trode 14 and drain electrode 15 to support the growing of first
and second nanowires 17 and 18. The catalyst material can be
a material such as mickel (N1), 1nvar, 1ron (Fe), cobalt (Co), or
gold (Au).

Referring to FIG. 6D, dielectric layer 23 having a thickness
of 5 nm to 100 nm 1s formed on the outer surface of first
nanowire 17. Dielectric layer 23 can be made of a material
such as silicon nitride (S1,N,). Dielectric layer 23 can be
formed by plasma enhanced chemical vapor deposition
(PECVD)method. It 1s desirable to selectively form dielectric
layer 23 only on the outer surface of first nanowire 17, but
dielectric layer 23 also can be inevitably formed on source
and drain electrodes 14 and 15 and on gate electrode 16, as
depicted 1n FIG. 6D. However, dielectric layer 23 formed on
the outer surface of second nanowire 18 can be removed
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through selective etching process. FIG. 6D shows a SEM
image of the dielectric-coated nanowires.

Referring to FIG. 6E, floating electrode 23 having a thick-
ness of 5 nm to 100 nm 1s formed by selectively depositing a
conductive material on dielectric layer 23 formed on the outer
surface of first nanowire 17. Floating electrode 25 can be
tormed by thermal evaporation method using a material such
as niobium (Nb), chromium (Cr), molybdenum (Mo), tung-
sten (W), titantum (11), platinum (Pt), gold (Au), indium-tin-
oxide (ITO), or silver (Ag). Floating electrode 25 makes up a
nanowire capacitor 30 together with dielectric layer 23 and
first nanowire 17 formed on source e¢lectrode 14. FIG. 6F
shows a SEM 1mage of the first nanowire where a floating,
clectrode 1s formed and the second nanowire where only
dielectric layer 1s firmed.

Referring to FIGS. 6F and 6G, dielectric layer 23 formed
on the outer surface of second nanowire 18 1s selectively
ctched to removed the dielectric layer and to expose the
surface of second nanowire 18. Here, dielectric layer 23
formed on source and drain electrodes 14 and 15 can be used
as areinforcing member to support first and second nanowires
17 and 18. Through the processes described above, the
memory device of an embodiment of the present invention
can be obtained. FIG. 6G also shows a SEM 1mage of the
nanowire and nanowire capacitor of the completed memory
device of the present invention.

EXAMPL

(Ll

An msulating substrate, 1.e. a silicon/silicon oxide (S1/
S10, ) substrate was prepared, and an niobium (Nb) electrode
layer was formed on the S1/510,, substrate. Source, drain, and
gate electrodes were formed by patterning the Nb electrode
layer. A nickel (N1) catalyst was deposited on the source and
drain electrodes. Afterward, the substrate was heated to 550°
C., and multi-wall carbon nanotubes (MWCNTs) were verti-
cally grown on the source and drain electrodes to form first
and second nanowires, respectively. Plasma enhanced chemi-
cal vapor deposition (PECVD) method with a gas mixture of
acetylene (C,H,) and ammonia (NH;) was used for the
growth of the carbon nanotubes. The acetylene (C,H,) gas
was 1njected mnto a chamber at a flow rate of 75 standard
cubic-centimeters per minute (sccm). The MWCNT deposi-
tion was performed at a temperature of around 600° C., and a
bias voltage of —600 V was applied to the electrodes formed
on the silicon/silicon oxide (51/510,) substrate. The growth
rate of the MWCN'T was controlled to about 100 nm/min, and
the chamber was maintained at a pressure of about 5.0 Torr.
As a result, first and second MWCNT nanowires having
diameters of 70 nm and heights of 1.6 um were obtained. In
order to manufacture a nanowire capacitor, a silicon nitride
(S1;N,) dielectric layer having a thickness of 40 nm was
deposited on the first and second MWCNT nanowires. The
silicon nitride (Si3 ,) dielectric layer was deposited by
PECVD method using a gas mixture of silicon hydride (SiH,,)
and ammoma (NH,). Afterward, a nanowire capacitor struc-
ture was obtained by depositing a chromium (Cr) on the
silicon nmitride (S1,N,) dielectric layer of the first MWCNT
nanowire by sputtering or thermal evaporation method to
make a floating electrode. The silicon nitride (S1,N,,) dielec-
tric layer deposited on the outer surface of the second
MWCN'T nanowire was removed through a selective etching
process. Through the processes described above, a memory
device ol an embodiment of the present invention was
obtained.

According to the present mvention, a memory device,
which has a new structure and can replace DRAM devices,
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can be obtained. Particularly, the mechanical memory device
ol the present invention clearly distinguishes on and off states
by a mechanical movement of a nanowire, and therefore has
stable switching characteristics and minimal leakage current.
Accordingly, the voltage for driving the memory device can
be reduced, and a higher mobility can be realized than a
conventional DRAM device. Also, the mechanical memory
device of the present mvention has a very simple structure
allowing easy manufacture, and has a high manufacturing
reproducibility, thereby providing high reliability.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereot, 1t will be understood by those of ordinary skill in the
art that various changes in form and detail may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

What 1s claimed 1s:

1. A memory device comprising:

an 1sulating substrate;

a source electrode formed on the insulating substrate;

a drain electrode formed on the mnsulating substrate and
spaced apart from the source electrode;

a nanowire capacitor formed on the source electrode, the
nanowire capacitor including a first nanowire grown
vertically from the source electrode, a dielectric layer
formed on the outer surface of the first nanowire, and a
floating electrode formed on the outer surface of the
dielectric layer;

a second nanowire grown vertically from the drain elec-
trode, the second nanowire bending towards the nanow-
ire capacitor while a voltage 1s applied to the drain
electrode; and

a gate electrode formed on the isulating substrate and
spaced apart from the drain electrode, the drain electrode
being arranged between the source electrode and the
gate electrode.

2. The memory device of claim 1, comprised of the second

nanowire contacting the nanowire capacitor, when a drain
voltage 1s applied to the drain electrode and polarity of the
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drain voltage 1s opposite to polarity of a source voltage that 1s
applied to the source electrode.

3. The memory device of claim 1, comprised of the second
nanowire contacting the nanowire capacitor, when a drain
voltage 1s applied to the drain electrode and polarity of the
drain voltage 1s the same as polanty of a gate voltage that 1s
applied to the gate electrode.

4. The memory device of claim 1, wherein each of the first
and the second nanowires 1s made of a material selected from
the group consisting of a carbon group material, a platinum
group material, a silicon group material, a gallium nitride
group material, a gallium arsenide group material, and a zinc
oxide group material.

5. The memory device of claim 4, wherein each of the first
and the second nanowires 1s a wire selected from the group
consisting of a carbon fiber wire, a carbon nanotube wire, a
platinum wire, a silicon wire, a gallium nitride wire, a galllum
arsenide wire, and a zinc oxide wire.

6. The memory device of claim 1, wherein each of the
source electrode, the drain electrode, the gate electrode, and
the tloating electrode 1s made of a material selected from the
group consisting of nmiobium, chromium, molybdenum, tung-
sten, titanium, platinum, gold, indium-tin-oxide, and silver.

7. The memory device of claim 1, wherein each of the first
and the second nanowires has a diameter of about 5 nano-
meters to about 100 nano-meters.

8. The memory device of claim 1, wherein each of the first
and the second nanowires has a height of about 1 micro-meter
to about 4 micro-meters.

9. The memory device of claim 1, further comprising a
third nanowire grown vertically from the gate electrode.

10. The memory device of claim 9, wherein the third
nanowire 1s formed of a material selected from the group
consisting of a carbon group material, a platinum group mate-
rial, a s1licon group material, a gallium nitride group material,
a gallium arsemde group material, and a zinc oxide group
materal.
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